Two 2,3-butanediol dehydrogenases (enzymes 1 and 2; molecular weight of each, 170,000) have been partially purified from Lactococcus lactis subsp. lactis (Streptococcus diacetylactis) D10 and shown to have reductase activity with either diacetyl or acetoin as the substrate. However, the reductase activity with 10 mM diacetyl was far greater for both enzymes (7.0-and 4.7-fold for enzymes 1 and 2, respectively) than with 10 mM acetoin as the substrate. In contrast, when acetoin and diacetyl were present together, acetoin was the preferred substrate for both enzymes, with enzyme 1 showing the more marked preference for acetoin. meso-2,3-Butanediol was the only isomeric product, with enzyme 1 independent of the substrate combinations. For enzyme 2, both the meso and optical isomers of 2,3-butanediol were formed with acetoin as the substrate, but only the optical isomers were produced with diacetyl as the substrate. With batch cultures of strain D10 at or near the point of citrate exhaustion, the main isomers of 2,3-butanediol present were the optical forms. If the pH was sufficiently high (>pH 5), acetoin reduction occurred over time and was followed by diacetyl reduction, and meso-2,3-butanediol became the predominant isomer. Interconversion of the optical isomers into the meso isomer did occur. The properties of 2,3-butanediol dehydrogenases are consistent with diacetyl and acetoin removal and the appearance of the isomers of 2,3-butanediol.
Milk contains -8 mM citrate which is a fermentable substrate for a number of bacteria used in dairy fermentations, including certain Lactococcus lactis subsp. lactis strains and Leuconostoc spp. The L. lactis subsp. lactis strains that ferment citrate were previously called Streptococcus lactis subsp. diacetylactis to distinguish them from the non-citrate-fermenting strains of S. lactis. In the dairy industry it is of great practical importance to distinguish between the citrate-fermenting and non-citrate-fermenting type of L. lactis subsp. lactis. Therefore, the common name S. diacetylactis will be used here for those strains capable of citrate fermentation. The fermentation products from citrate include C02, which is responsible for eye formation in cheese such as Gouda, and diacetyl, an important flavor compound (9, 10) .
The metabolic pathway for citrate fermentation in S. diacetylactis has been described (22, 27) , and some of the enzymes involved have been studied, including the constitutive enzymes citrate lyase (17) and acetolactate synthase (7) . Both diacetyl and acetoin reductases are partly repressed on citrate (7) , and citrate permease has been shown to be plasmid linked (20) (21) (22) . However, the mechanisms for both diacetyl and acetoin formation and removal are still not fully understood. For example, it has been suggested that the reduction of diacetyl to acetoin may be a major route of acetoin formation (7) . On the other hand, the availability of acetyl coenzyme A in excess of that required for growth was reported as being the rate-limiting step for diacetyl production from citrate (11, 12) , with acetoin originating mainly via acetolactate in this case. Reduction of acetoin was greater than that of diacetyl, even though acetoin reductase activity was much lower than that of diacetyl reductase (8) . In all cultures, acetoin production is greater than diacetyl production (6, 8, 9 ) and the peak concentrations of both do not drop significantly (8) . Production of acetoin and diacetyl is affected by pH and temperature (26) in nongrowing cells of S. diacetylactis. The incomplete understanding of diacetyl and acetoin reduction is due partly to a lack of data on 2,3-butanediol concentrations (9) . 2,3-Butanediol is formed from reduction of acetoin. The D-(-)-, L-(+)-, and meso isomers of 2,3-butanediol are produced by various bacteria which have multiple forms of 2,3-butanediol dehydrogenases (i.e., acetoin reductase) with different specificities for the three isomers (31) . The 2,3-butanediol dehydrogenase from Aerobacter aerogenes acts on both diacetyl and acetoin and hence was called diacetyl or acetoin reductase (4) . Although one enzyme may be responsible for the reduction of acetoin and diacetyl in S. diacetylactis, as suggested by Cogan (8) , this has not been determined.
In the present study, the 2,3-butanediol dehydrogenases in S diacetylactis were studied as they related to diacetyl and acetoin removal and the production of 2,3-butanediol production during and after citrate fermentation. The optical and meso isomers of 2,3-butanediol were measured. The term optical 2,3-butanediol is used to describe the unknown composition of isomers which may include either D-(-)-, L-(+)-, D-(-)-, L-(+)-, or racemic DL-2,3-butanediol.
MATERIALS AND METHODS
Organisms and culture conditions. Seven strains of S. diacetylactis (DRC1, DRC2, D7, D8, D10, Dll, and D12), Lactobacillus fermentum ATCC 9338, and Leuconostoc paramesenteroides NCFB803 (14) .
Anaerobic cultures were grown in a vessel with a 500-ml working capacity (series III fermenter, LH Engineering, Stoke Poges, England). The temperature was maintained at 26°C, and pH was controlled by the automatic addition of 2 M NaOH. Anaerobic conditions were maintained by passing N2 through the headspace of the stirred culture (400 rpm).
Enzyme assays. Cells from 50-to 100-ml cultures were harvested by centrifugation (13, 000 x g for 5 min) and washed in 100 ml of Tris hydrochloride buffer (pH 7.5). They were then disrupted in the same buffer, containing 1 mM dithioerythritol and 20% (vol/vol) glycerol, by shaking 5 ml of a cell suspension for two 2-min periods at 5°C with 3 ml of glass beads (75-to 150-R±m diameter; type 1-w; Sigma Chemical Co., St. Louis, Mo.) in a Mickle disintegrator. Debris was removed by centrifugation at 35,000 x g for 5 min. Cell extracts were stored on ice, and enzyme assays were completed within 2 h of preparation of extract.
The standard assay (1 ml) for 2,3-butanediol dehydrogenase activity contained 50 mM MES [2-(N-morpholino)ethanesulfonic acid] buffer (pH 6.1), 0.25 mM NADH, limiting amounts of enzyme, and either 10 mM acetoin or diacetyl. Rates were corrected for NADH oxidase activity, which was measured before addition of either acetoin or diacetyl. The reaction was followed at 340 nm (25°C) by using a Gilford model 250 spectrophotometer. One unit of 2,3-butanediol dehydrogenase activity was defined as the amount of enzyme that reduced either diacetyl or acetoin at an initial rate of 1 ,umol/min. The 2,3-butanediol dehydrogenase activities may be described in the text as acetoin reductase and diacetyl reductase when using either acetoin or diacetyl, respectively, as the enzyme substrate.
Substrate and product analysis. Culture samples (3 to 5 ml) taken during growth were centrifuged at 20,000 x g for 5 min (4°C), and the supernatants were frozen for later analysis. For analysis of dissolved CO2 in culture fluids, 10-ml samples were taken and quickly added to 200 RI of 4 M NaOH under C02-free N2. After being mixed, a 1-ml sample was centrifuged under N2 for 1 min in a microcentrifuge (model 235B; Fisher Scientific Co., Pittsburgh, Pa.). Samples were assayed immediately for CO2. To measure the total CO2 produced from citrate fermentation (i.e., CO2 in culture fluid and headspace), growth was carried out in 100 ml of T5 medium in 150-ml bottles sealed with gas-impermeable tops and with a C02-free N2 initial headspace. At the times indicated, 1.9 ml of 4 M NaOH (CO2 free) was added via syringe and the bottle was shaken vigorously for 1 min and then laid on its side for 10 min with occasional shaking. A 1-ml sample was centrifuged under N2 as before for 1 min and assayed immediately for CO2. Enzymatic analyses were used routinely for the assay of acetate (1), CO2 (CO2 reagent; Gilford Diagnostics, Cleveland, Ohio), citrate (13) , and lactose (15) .
Acetoin and 2,3-butanediol were determined with a gas chromatograph (Shimadzu GC-1SA) on a glass column (2.0 m by 3.2 mm [inside diameter]) packed with Chromosorb 101, 100/120 mesh (Johns-Manville Products Corp., Denver, Colo.). The injector and detector temperatures were 230°C, and the column was held at 180°C. The carrier gas was 02-free N2 flowing at 30 ml/min. Detection was by flame ionization. Quantitation was carried out with an integrator (Shimadzu C-R6A Chromatopac) calibrated with authentic standards. Samples (400 [lI) were diluted with 40% formic acid (100 ,1) prior to addition (2 pI) to the column. Retention times for acetoin and optical and meso-2,3-butanediol were 19 acetoin, diacetyl, and optical and meso-2,3-butanediol were not normally detected except for the occasional trace (<0.1 mM) of acetoin produced by some strains (data not shown). Under these conditions (no added citrate), 2.1 to 4 mM acetate was produced during the fermentation of 14 mM lactose and between 1.0 to 1.9 mM acetate was produced from the utilization of -28 mM lactose when the initial lactose concentration was 56 mM (data not shown). The concentrations of acetoin, diacetyl, and optical and meso-2,3-butanediol formed from the fermentation of citrate varied depending on the strain. 2,3-Butanediol concentrations were higher in the cultures grown on the lower lactose (Table 2 ). In strain D12 (and 14 other strains), the specific activities of the two enzymes were apparently unaffected by the addition of citrate. In contrast, in strain 615, the specific activities of both enzymes increased ca. two-to-threefold with the addition of citrate, and this pattern was repeated to a lesser extent for three other strains (277, D8, and D1; data not shown). For all 19 strains, the specific activities of both enzymes were highest with the lower initial lactose concentration. In additional experiments, six strains were harvested after only 6 h of growth, and in each case the specific activities of both enzymes were lower than the corresponding values at 16 h (cf. strain D12, Table 2 ). For all strains, the specific activity ratios of diacetyl reductase to acetoin reductase varied according to growth and harvest conditions. For example, with strain D12, the ratio varied from 2.5:1.0 to 20:1 ( (Fig. 1, 2 , and 3, respectively), the acetoin, diacetyl, acetate, and CO2 concentrations peaked at or near the time of citrate exhaustion. The CO2 concentration then dropped as a result of flushing of the headspace with N2.
After citrate exhaustion at pH 6.6 ( Fig. 1 ) and pH 5.2 ( Fig.  2.) , the acetoin concentration decreased, with an associated increase in the total 2,3-butanediol concentration. The rate of conversion was much faster at pH 6.6. At both controlled pHs, the optical form was predominant initially but the meso form became the major form of 2,3-butanediol present after 28 h of incubation. The diacetyl concentration did not decrease during the pH-controlled fermentations until the conversion of acetoin to 2,3-butanediol was complete (Fig.  1) . Conversion of the optical form into the meso form of 2,3-butanediol was observed late in the fermentation that was controlled at pH 6.6 (Fig. 1) . The lactose was fully utilized in both of the pH-controlled fermentations. Without pH control, lactose utilization virtually stopped after 10 h of incubation (pH 4.7), and the lactose remaining (30 mM) did not decrease significantly during a further 18 h of incubation (pH 4.5) (Fig. 3) . In contrast to the two pH-controlled fermentations, the acetoin and diacetyl concentrations did not decrease significantly after citrate exhaustion and neither did the 2,3-butanediol concentration in the fermentation with no pH control. There was also no change in the composition of the optical and meso forms of 2,3-butanediol. A comparison of the specific activities of diacetyl reduc- tase and acetoin reductase in strain D10 was made in cultures similar to those described above ( Fig. 1 through 3 ), but both with and without added citrate. The results suggested that citrate had a significant effect on enzyme levels (Fig. 4) . After exhaustion of citrate, the specific activities of both enzymes increased significantly (e.g., ca. sixfold for diacetyl reductase with cultures controlled at pH 6.6). In citrate-free medium, the specific activities of both enzymes did not vary much throughout the 28 h of fermentation. In citrate-containing medium without pH control, the specific activities of both enzymes peaked after 10 h of growth, followed by a rapid decrease, and 18 h later were back to the levels found after 6 h of growth. In contrast, in the two pH-controlled fermentations with added citrate, the specific activities increased throughout the 28 h of incubation. Carbon and redox balances of citrate fermentation. The carbon and redox values were determined for citrate fermentation by S. diacetylactis D10 in both T5 broth and milk (Table 3) . Carbon recovered from citrate fermentation was between 105 and 107% in both T5 broth and milk, whereas the redox balances were close to theoretical. This confirms that acetate, C02, acetoin, and meso and optical forms of 2,3-butanediol are the major products of anaerobic citrate fermentation by strain D10. Diacetyl is not a major product but is important practically because of its flavor. Variation from the theoretical values may have resulted from the difficulty in accurately correcting for acetate and CO2 pro- duced from sources other than citrate. With the complex medium, the concentrations formed without added citrate were subtracted from the concentrations of acetate and CO2 formed in the medium supplemented with citrate. The appropriate corrections in milk were estimated by determining the acetate and CO2 produced with S. diacetylactis 276, a non-citrate-fermenting strain. Although formate, ethanol, and acetaldehyde are possible products from citrate fermentation, they were not measured. The satisfactory carbon and redox balances obtained (Table 3) suggest that these products would be at very low concentrations if they were produced from citrate.
Purification. Results of a typical purification for the acetoin and diacetyl reductase enzymes from S. diacetylactis D10 are summarized in Table 4 . Two reductase activities (enzymes 1 and 2) were separated by DEAE-cellulose ionexchange chromatography (Fig. 5) . Both enzymes showed reductase activity with either diacetyl or acetoin as the substrate, and it was not possible to separate these activities when run through the step elution and in the final purification step (gel filtration; Table 4 ). Each enzyme had an estimated molecular weight of 170,000 determined by using the calibrated Sephacryl S-200 gel filtration column. The specific activity ratio of diacetyl reductase to acetoin reductase was 4:1 in the cell extract. After the final purification step, the specific activity ratio was 7.0:1 and 4.6:1 for enzymes 1 and 2, respectively. An 18-fold purification was achieved for both enzymes based on the diacetyl reductase activity.
Reductase activity from another strain, S. diacetylactis NCFB 1814, was purified by the same procedure used for strain D10, and a similar pattern was found (data not shown). The a Cell extracts were prepared from strains grown on T5 medium containing 14 mM lactose and 10 mM citrate for 14 to 18 h at 26°C. Reductase activity was measured with the standard reaction mixture, and in the assay with both substrates (acetoin + diacetyl), the concentration of each substrate was 10 mM. assayed with 2 mM 2,3-butanediol (-50% meso and -50% optical) and 0.5 mM NAD+. However, when assayed in the reverse direction, enzymes 1 and 2 had pH optima of 5.8 and 6.1, respectively, when assayed with 10 mM diacetyl and 0.25 mM NADH, and 6.1 and 7.0, respectively, when assayed with 10 mM acetoin and 0.25 mM NADH. Buffers used were MES (pH 6.0 to 6.4), bis-Tris-propane (pH 6.5 to 9.5), and carbonate-bicarbonate (pH 9.7 to 10.4).
When crude extracts from all 19 strains were assayed for reductase activity with acetoin and diacetyl separately, the activity with diacetyl was always significantly higher (threeto eightfold; Table 5 shows results for five strains only). However, when the reductase activity was determined in the presence of both substrates, it was significantly lower than the activity with diacetyl alone and was similar to the activity assayed with acetoin alone. To clarify this finding, reaction mixtures containing the two partially purified enzymes from S. diacetylactis D10 were analyzed by gas chromatography to allow direct measurement of the reaction substrates and products rather than the oxidation of the coenzyme NADH.
In an assay mixture containing 2.5 mM NADH, 50 mM MES buffer (pH 6.1), and 2.5 mM diacetyl, acetoin was a reaction product of both enzymes. The other reaction products identified were meso-2,3-butanediol for enzyme 1 ( Changes in the concentrations of substrates and products with enzyme 2 purified from strain D10 in a reaction mixture containing 50 mM MES (pH 6.1), 2.5 mM NADH, and diacetyl and acetoin at concentrations indicated. 6A) and optical 2,3-butanediol for enzyme 2 (Fig. 6C) . In the reaction with enzyme 2, NADH was also followed, and the decrease in the NADH concentration was nearly equivalent to the decrease in diacetyl concentration plus the increase in optical 2,3-butanediol concentration.
In the presence of both diacetyl and acetoin (2.5 mM each), acetoin was reduced rapidly at a rate of 4.2 U/mg of protein by enzyme 1, whereas diacetyl reduction was only observed 30 min after the start of acetoin reduction (Fig.  6B) . The maximum rate of diacetyl reduction was slow (-0.5 U/mg of protein) compared with the rate observed in the absence of added acetoin (7.5 U/mg of protein; Fig. 6A ). With only acetoin (2.5 mM) as the substrate, the rate was 4.0 U/mg of protein (data not shown). With enzyme 1, meso-2,3-butanediol was the only product detected regardless of whether the substrate was diacetyl (Fig. 6A) , acetoin (data not shown), or a mixture of the two (Fig. 6B) .
With enzyme 2, optical 2,3-butanediol was the only product formed with diacetyl as the substrate (Fig. 6C) . However, both the optical and meso products were detected with this enzyme when diacetyl plus acetoin were the substrates (Fig. 6D) or when only acetoin was the structure (Fig. 7A) . The rate of diacetyl reduction (2.5 U/mg of protein; Fig. 6C ) decreased to 0.4 U/mg of protein when acetoin was present (Fig. 6D) , and that was only after an initial lag phase. With both substrates present, the rate of reduction of acetoin was 1.7 U/mg of protein (Fig. 6D) , compared with 2.5 U/mg of protein (Fig. 7A) when acetoin was the substrate. The maximum rate of diacetyl reduction in the presence of acetoin decreased from 0.4 U/mg of protein (Fig. 6D) to <0.05 U/mg of protein (Fig. 7B) The oxidation of 2,3-butanediol was studied in a similar manner by using a reaction mixture of 100 mM hydrazine-20 mM glycine buffer (pH 9.6), 20 mM NAD+, 2 mM optical 2,3-butanediol, 2 mM meso-2,3-butanediol, and enzymes 1 and 2. During a 300-min incubation period with enzyme 1, only the meso form was utilized. However, both forms of 2,3-butanediol were utilized by enzyme 2, with the initial rate of oxidation of optical 2,3-butanediol being twice that of meso-2,3-butanediol (data not shown). Hydrazine was included to trap acetoin, and no free acetoin was observed. The hydrazine-glycine buffer was necessary to detect a significant change in the 2,3-butanediol concentration because, with the bis-Tris-propane buffer (pH 9.6), the concentration of 2,3-butanediol oxidized was very small (<0.1 mM) before equilibrium was reached.
DISCUSSION
Two 2,3-butanediol dehydrogenases were present in S. diacetylactis D10 and NCFB 1814 that had similar molecular weights (-170,000), and they could be separated by DEAEcellulose chromatography. Both enzymes from strain D10 had diacetyl reductase and acetoin reductase activities but showed a marked preference for acetoin rather than diacetyl as a substrate. Data from analysis of crude extracts suggest that enzymes from other strains of S. diacetylactis are likely to have properties similar to the enzymes from strain D10. Enzyme 1 showed a more marked preference for acetoin as a substrate than did enzyme 2 in the presence of both acetoin and diacetyl. The higher the substrate ratio of acetoin: diacetyl, the more that acetoin was the preferred substrate. Acetoin is produced at concentrations higher than those of diacetyl during citrate fermentation by S. diacetylactis (6, 8, 9 ; this study), and diacetyl reductase activity is greater than acetoin reductase activity ( (31) . Quantification of the optically active isomers has been determined (32) . The diacetyl (acetoin) reductase from A. aerogenes catalyzes the reduction of both diacetyl and acetoin (4). The kinetic mechanisms for the reduction of acetoin have been determined, and acetate has been shown to be an inhibitor (23) . This single enzyme activity, however, has been separated into 12 bands after isoelectric focusing (18) . Two 2,3-butanediol dehydrogenases from L. paramesenteroides NCFB 803 were separated (data not shown), and both had activity with diacetyl and acetoin. A diacetyl reductase activity with no acetoin reductase activity was reported from another strain of L. paramesenteroides (24) , and one has been purified from a strain of Lactobacillus casei (3) .
The role of multiple 2,3-butanediol dehydrogenases in bacteria has not been investigated in detail. In Bacillus subtilis, acetoin dehydrogenase can catalyze reactions that form a precursor of the thiazole ring of thiamine (33). Four diacetyl reductases in the hamster liver have different activities with 44 different substrates (16) . Although both of the 2,3-butanediol dehydrogenases found in S. diacetylactis are likely to be involved in 2,3-butanediol production from diacetyl and acetoin during and after citrate fermentation, one or both enzymes may have other physiological roles. The levels and ratio of specific activities of acetoin to diacetyl reductase vary during growth. It seems likely that the ratio of the two enzymes would also vary during growth.
Synthesis of diacetyl and acetoin reductases is partly repressed by citrate (7, 19) , and in addition citrate can inhibit diacetyl reductase activity (19) . For a majority of the S. diacetylactis strains surveyed in this study, citrate appeared to have no effect on the specific activities of these enzymes that had been assayed in batch cultures harvested after 6 and 16 h of incubation. However, this result could be explained in terms of the two sampling times and culture pH effect. For strain D10, diacetyl reductase and acetoin reductase were unstable in cultures of low pH (-pH 4.5) . By taking more sampling points during the fermentation of this strain, with or without pH control, it could be shown that the enzyme levels remained similar, with or without citrate present, until after citrate exhaustion. At that point the levels in citrategrown cultures became significantly higher than in cultures grown in the absence of citrate. These results indicate that some of the citrate fermentation products may be involved in induction of the reductases. Diacetyl has been reported to repress and pyruvate has been reported to induce diacetyl reductase activity in a S. diacetylactis strain (5) . Pyruvate, citrate, diacetyl, acetoin, and 2,3-butanediol all induce a diacetyl reductase from L. casei and Lactobacillus plantarum (25) . The pattern of enzyme activities for strain D10 with and without citrate (this study) were quite different from that reported for strain DRC1 (7), indicating some strain or growth differences.
Citrate fermentation by nine strains of S. diacetylactis showed considerable variation in the concentrations of acetoin, diacetyl, and optical and meso-2,3-butanediol products formed. The effect of low or high initial lactose concentration can be interpreted as a pH effect in that diacetyl and acetoin reduction is limited at low pH. The properties of the two 2,3-butanediol dehydrogenases in strain D10 can explain diacetyl and acetoin removal and the concomitant production of the different isomers of 2,3-butanediol. A similar general pattern could be expected in many other strains of S. diacetylactis, with variations in the concentrations of products being related to the time of citrate exhaustion, to the pH, and to the particular combination of the 2,3-butanediol dehydrogenases present in the strain. Production of diacetyl and acetoin during citrate fermentation will contribute to product variation and needs further study.
